Clemson University

TigerPrints
All Theses

5-2018

Galloping Performance Analysis of Bluff Bodies
with a Tail Fin
Rajiv Yadav
Clemson University, rajivy@protonmail.com

Follow this and additional works at: https://tigerprints.clemson.edu/all_theses
Recommended Citation
Yadav, Rajiv, "Galloping Performance Analysis of Bluff Bodies with a Tail Fin" (2018). All Theses. 2893.
https://tigerprints.clemson.edu/all_theses/2893

This Thesis is brought to you for free and open access by the Theses at TigerPrints. It has been accepted for inclusion in All Theses by an authorized
administrator of TigerPrints. For more information, please contact kokeefe@clemson.edu.

Theses

Galloping Performance Analysis of Bluff
Bodies with a Tail Fin

A Dissertation
Presented to
the Graduate School of
Clemson University

In Partial Fulfillment
of the Requirements for the Degree
Master of Science
Mechanical Engineering

by
Rajiv Yadav
May 2018

Accepted by:
Dr. Gang Li, Committee Chair
Dr. Mohammed Daqaq
Dr. Huijuan Zhao

Abstract
A body is identified as bluff when the surrounding flow is marked by a distinct
separation at the edges of the leading face. Bluff bodies become unstable when subjected to fluid flow above some critical flow velocity. This instability causes the body
to gallop. Galloping is a self-exciting phenomena which operates on bluff bodies with
a substantial afterbody. It is the self-induced cross-wind oscillations of flexible structures due to aerodynamic forces that are in-phase with the motion of the structure.
In this unstable or galloping range, the energy fed into the body exceeds the energy
dissipated by structural damping and thus, these conditions can be used to harvest
energy. Galloping Flow Energy Harvester (GFEH) is a device that can be used to
harness this excess energy.
The galloping response of a body is characterized by the variation of transverse
lift coefficient (CN ) with respect to angle of attack (α). Galloping response of bluff
bodies with square and trapezoid cross-section has been investigated in this study
using numerical simulations. It has been known that addition of a tail fin to a bluff
body affects its galloping performance. The effects of adding tail fin of various lengths
to bluff bodies of square and trapezoid cross section has been studied in this research.
Further, this research provides a detailed explanation of flow behavior around the
bluff bodies to understand the influence of cross-section and fin length on galloping
response. Key flow characteristics that influence galloping were identified. Galloping
ii

response and flow behavior around square and trapezoid bluff bodies with different
lengths of tail fin attached are compared and suggestions have been made to optimize
the length of the tail fin to enhance lift performance.
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Chapter 1
Introduction
The power needs of the world is increasing at an alarming rate. According
to the 2014 data from world bank [1], more than a billion people in the world still
do not have access to electricity. Most of these energy poverty regions are in the
developing nations in Africa and Asia. In some remote areas, access to a power
grid is unavailable or very limited. In these areas it is important to use wind, solar,
hydroelectric generation equipments to create a local grid and thereby replace or
decrease the reliance on the main shared grid. The equipment that can be used in
these regions rely heavily on the environment but the scale at which they can to be
implemented poses a great engineering challenge, especially at small scales.
For mobile devices with small power demands, one alternative method to supply energy is to use batteries that can be charged by an external source grid [2] [3].
But there are issues with using batteries: they wear out and have to be replaced and
they are harmful to the environment. These problems coupled with the generation
and storage systems, increase the energy loss due to numerous conversions required
to transmit power to the final destination device. For small power demands, a unique
alternative presents itself: each device might equip its own grid using energy scav1
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enged from the environment [4]. Use of such a system would eliminate the need for
costly, polluting and inconvenient battery replacements.
The term Energy Harvesting (EH) is applied to systems which generate power
on the milli and micro watt scales from ambient energy [5]. This ambient energy
can be solar power, thermal energy, wind energy, kinetic energy etc. The energy
from these sources can be captured and used for small wireless autonomous devices
like wearable electronics, wireless sensors etc. In general, energy can be stored in a
capacitor or battery. Capacitors are used when the application needs to provide large
energy spikes. Batteries leak less energy and are therefore used when the device needs
to provide a steady flow of energy.
Photovoltaic (PV) energy harvesting [6] wireless technology offers significant
advantages over wired or solely battery-powered sensor solutions: virtually inexhaustible sources of power with little or no adverse environmental effects. These
devices are powered by specially tuned amorphous silicon (aSi) [7], a technology
which is widely used in solar calculators.
Energy can also be generated from oceans [8]. The energy in this case can be
generated by tidal streams [9], ocean waves [10], difference in salinity [11] and also
difference in temperature. This energy harvesting method holds a great potential
because it is clean and a renewable form of energy.
Energy harvesting from vibration lies in the extraction of mechanical energy
from the environment by exploiting the ability of active materials and various electromechanical coupling mechanisms to generate an electric potential in response to
mechanical stimuli. An example of harvesting vibratory energy is a ferrofluid-based
electromagnetic energy harvester which converts ambient vibratory energy into an
electromotive force through the sloshing motion of a ferrofluid [12–15]. Ferrofluids
are colloidal liquids made of nano-scale permanent magnetic dipoles. As shown in
2
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Figure 1.1, in the absence of an external magnetic field, the magnetic dipoles are
randomly oriented in a carrier fluid and the magnetization of the fluid is zero. When
an external magnetic field is applied, the dipoles rotate and produce a net magnetic
moment such that the average direction of the fluid magnetization is parallel to the
external field. In such a scenario, when a container carrying the magnetized fluid
is subjected to seismic excitations with a frequency that matches one of the infinite
modal frequencies of the fluid column (resonance conditions), large amplitude surface
waves, both horizontal and rotational, are excited. The motion of the sloshing liquid changes the orientation order of the magnetic dipoles and creates a time-varying
magnetic flux. This flux induces an electromotive force in a coil wound around the
container generating an electric current

Figure 1.1: Schematic diagram of ferro-fluid based energy harvester [13]
Airflow energy can be harvested by various turbine and non-turbine generator
technologies. For example, Zephyr Energy Corporations patented Windbeam micro
generator [16] which captures energy from airflow to recharge batteries and power
electronic devices. The novel design of Windbeams allows it to operate silently in
wind speeds as low as 2 mph. The generator consists of a lightweight beam suspended by durable long-lasting springs within an outer frame (Figure 1.2a). The
3
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beam oscillates rapidly when exposed to airflow due to the effects of multiple fluid
flow phenomena (galloping and vortex shedding) (Figure 1.2b). A linear alternator
assembly converts the oscillating beam motion into usable electrical energy. A lack
of bearings and gears eliminates frictional inefficiencies and noise. The advantages of
this kind of technology is that it can operate in low-light environments unsuitable for
solar panels and is inexpensive due to low cost components and simple construction.
The technology is scalable and can be optimized to satisfy the energy requirements
and design constraints of a given application.

(a) Windbeam setup

(b) Windbeam working

Figure 1.2: Windbeam micro wind energy generator from Zephyr Energy Corporation
[16]
Another example of energy harvesting from airflow is a device that uses flowinduced self-excited oscillations of a piezoelectric beam embedded within a cavity to
generate electric power [17–19]. The concept of this technology is similar to music
playing harmonica that create tones via oscillations of reeds when subjected to air
blow. The harvester shown in Figure 1.3 consists of a piezoelectric cantilever unimorph structure embedded within a cavity to mimic the vibrations of the reeds in a
harmonica when subjected to air blow. The operation principle of the harvester is
simple. Wind blows into the chamber and tries to escape through the small aperture
between the cantilever (reed) and the supporting structure. The sudden change in
4
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Figure 1.3: Operation concept of a self-excited micro-power generator [17]
area causes the flow to separate from the cantilever at the sharp edge which causes the
velocity to increase rapidly. This, in turn, produces a pressure drop across the cantilever. The resulting pressure drop bends the cantilever which causes the aperture
area to increase. Consequently, the flow velocity drops and the pressure drop decreases. The mechanical restoring force pulls the beam back decreasing the aperture
area and the process is repeated. These periodic fluctuations in the pressure cause
the beam to undergo self-sustained oscillations. The resulting periodic strain in the
piezoelectric layer produces an electric field which can be channeled as a current to
an electric device [17].

1.1

Energy Harvesting Using Galloping Flow
Galloping is a self-exciting phenomena which operates on bluff bodies with

a substantial afterbody. A body is identified as bluff when the surrounding flow is
marked by a distinct separation at the edges of its leading face. The shear layers
which develop behind the bluff body interact with the surface area of the afterbody.

5
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An asymmetric condition in the shear layers causes a net lift which incites motion.
An object is prone to galloping oscillation if it tends to increase the amount of net
lift each subsequent cycle in response to the motion caused by the initial net lift.
Oscillations occur at or near the natural frequency of the base system. The response
will increase in amplitude until structural failure occurs or no additional energy per
cycle can be drawn from the incident flow.
Galloping Flow Energy Harvesters can be used to harness energy from steady
uniform flow patterns around oscillating bluff bodies under special conditions. When
the energy fed into the body exceeds the energy dissipated by the structural damping,
the excess can be stored using a GFEH. These conditions arise if the bluff body is
subjected to a fluid flow above some critical velocity (cut-in fluid velocity) and when
the angle of attack of the fluid flow with the body is within a certain range (galloping
range). Den Hartog [20] first observed galloping in the oscillating electric power
transmission lines with asymmetric geometry caused by the formation of ice around
the circumference of the wire.
Noel and Daqaq [21] reported that adding a thin tail fin (also referred as
splitter plates) to the bluff body has an effect on the galloping performance. They
conducted several wind tunnel experiments to explore the effects of a tail fin on the
output power [22]. They investigated bluff bodies with square, trapezoid (0.75D
trailing face), and a triangle (bluff face to vertex length: D) cross-section. All had a
characteristic cross-stream width (D) 5 cm and height 10 cm. Each profile was tested
with no plate, a 2 cm plate, and a 4 cm plate. The plate was fixed to the base of the
bluff body at the point of attachment to the beam. The natural frequencies of all
systems were designed to be the same. Each prism was mounted on a mild steel beam
of 21.5 cm length, 3 cm width, and 0.635 mm thickness. A Smart Materials M8528
P2 Macro Fiber Composite strip was glued to the upper surface of the beam to serve
6
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as a voltage generator, and a 593 kΩ resistance was connected in parallel with the
MFC patch to serve as the electric load. The response of the harvester was studied in
an Aerolab Educational Wind Tunnel (EWT), having a 30.5 cm square test chamber
cross section.
Their experiments suggested that addition of a tail fin increases the power
generated and reduces the cut-in wind speed i.e. the speed required to bring the onset
of galloping. Also, it was seen that increasing the length of the tail fin after a certain
limit decreases power generated which indicates the existence of an optimal fin length.
The existence of an optimal fin length motivated us to learn more about the flow
behavior. Understanding the flow behavior around bluff bodies in much detail, would
enable us to find or predict the optimal length of the fin for a bluff body with a given
cross-section. This can be done by performing computational analysis on different
shapes of bluff bodies with different lengths of tail fins attached. Flow behavior can
be studied in detail at every angle of attack using computational methods. A large
amount of data can be collected by performing numerical simulations relatively easily
as compared to setting up a wind tunnel and controlling experimental parameters.

1.2

Quasi steady state aerodynamic lift performance
analysis
For a body in motion, constrained to oscillate in one dimension, the incident

flow vector has two components, as shown in Figure 1.4; the free-stream flow velocity
U and the relative motion of the body ẋ. If the body is asymmetric along the axis of
incidence, a lift force vector will be produced. When the asymmetry is oriented such
that a component of the lift acts in the same direction as the motion of the body,

7
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and the magnitude of that component grows as the body velocity grows, the system
is prone to galloping oscillations. The effect is a velocity-dependent force which acts
as an energy pumping mechanism, or as negative damping.

x
U

Figure 1.4: The induced angle of attack on a body in crossflow translation [23]
For physical systems, damping is typically the component which subtracts energy from a system and creates an amplitude decay. Therefore, negative damping
adds energy to the oscillating system, causing amplitude growth. The presence of
negative aerodynamic damping in galloping does not eliminate the nonconservative
realities in a physical oscillating system. In particular, an energy harvester is designed
to remove energy from the oscillating system and convert it into electrical energy. In
order to build oscillation amplitude and allow energy production capabilities, the negative damping must be sufficient to overcome the mechanical and electrical damping
present in the harvesting system.
The performance of a GFEH depends on numerous other factors, including
the cut-in wind speed, the oscillation frequency, the amplitude of the resulting limitcycle oscillations (LCO), hysteresis due to nonlinearities in the lift force, and the
amplitude growth rate. When the bluff body is constrained to vibrate only in one
dimension without any rotation, it is called translational galloping. In many cases
quasi-steady approximation of the aerodynamic forces can be used to approximate
8
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the lift force on the prism. The quasi-steady assumption states that a galloping body
can be modeled as experiencing the same aerodynamic forces as those acting on a
static body positioned at an equivalent angle of attack. According to this assumption,
the flow around a body in motion can be predicted using the known flow around a
static body, provided two main criteria are met: (1) minimum velocity threshold and
(2) similarity principle. The accuracy and validity of this assumption requires that
the movement of the body is sufficiently slow with respect to how quickly the wake
is swept downstream [24].
The minimum velocity threshold ensures that flow has time to adapt to the
motion of the structure. Also, lift and drag in the course of oscillation are the same at
each α as the value measured statically during wind tunnel experiments. Minimum
velocity threshold for quasi-steady assumption was estimated by Paidoussis [25] as
Uqs = 10fn D, where fn is the frequency of the oscillating body in hertz and D is the
characteristic length of the body in meters. In 1977, Belvins [26] agreed with this, but
subsequent work in the coming years (in 1990 [27]), he raised the threshold velocity to
Uqs = 20fn D. Additionally, Bearman [28] gave an estimation of the threshold taking
into account the Strouhal number (St),

Uqs =

4fn D
St

(1.1)

St =

fs D
U

(1.2)

where fs is the vortex shedding frequency of the oscillating body and U is the fluid
velocity. This threshold appropriately aims to move the incident velocity far from a
region where the vortex shedding would interact with the galloping behavior.

9
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The second criteria for the quasi-steady assumption is the similarity principle
which states that the shape of the flow be fundamentally similar to that of the stationary case. When the bluff body undergoes pure translation one can simply select
the body as a fixed reference frame and it is apparent that, provided the first criterion
is met, the flow is indistinguishable from a steady scenario.
Under the quasi-steady assumption, the transverse (or normal) aerodynamic
force, FN , acting on the body is given by,
1
FN = ρU 2 As CN
2

(1.3)

where ρ and U are density and free flow velocity respectively, As is the effective area
of the side face of the bluff body, and CN is the transverse aerodynamic lift coefficient
that is a function of the angle of attack (α),

α = tan−1

ẋ
U

(1.4)

The fluid impacts the fixed body with both the free stream flow velocity, U , and the
body motion, ẋ , at an angle α, shown in Figure 1.4, where α is given by Equation
1.4 and the force experienced by a body galloping in pure crossflow translation is approximated by using the steady-state force given by Equation 1.3. Since the lift force
is directly proportional to CN (α), the magnitude of galloping oscillations depends
on the shape of the CN curve.
Figure 1.5 illustrates an example of such curve for a square prism. The aerodynamic forces continue to pump up the amplitude of the harvesters response only
as long as sign of the oscillators velocity ẋ is the same as that of CN which occurs
in quadrants I and III. When the amplitude of oscillation grows very large and the
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II

↵0

I

III

IV

↵0

ẋ > 0

ẋ < 0

Figure 1.5: The interpolating polynomial for CN for a square body in smooth flow at
Re= 22000 as provided by Parkinson [29]
bodys velocity ẋ is pushed outside of the range in which it agrees in sign with CN ,
the aerodynamic force begins to act against the direction of motion, forcing an upper
limit on the response amplitude.

Figure 1.6: Quasi steady assumption. (a)Experimental - Body oscillating; (b)Static
body; (c)Body rotated at an angle α
Figure 1.6 illustrates the transformation of the system from an oscillating body
into a static body at an equivalent angle of attack under quasi steady assumption.
Experimentally (Figure 1.6a), fluid flows at an angle α with a velocity V which exerts
11
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a lift force on the body if it is asymmetric and the body starts to oscillate with a
velocity ẋ. In Figure 1.6b, the body is static, so the fluid velocity now has an ẋ
component. Finally, in Figure 1.6c, the resultant fluid velocity U is made horizontal
by rotating the body at an angle α. The lift and drag force (FL and FD respectively)
are normal and along the direction of the resultant flow velocity U . The normal
lift force (FN ), always acts in the direction normal to the body (or normal to the
fluid flow velocity V ). Normal lift force (FN ) and normal lift coefficient (CN ) can be
derived as follows.
From Figure 1.6(c),
FN = −(FL cos α + FD sin α)

(1.5)

Relation between fluid velocity V and resultant fluid velocity (U ) as a result of body
velocity component (ẋ) is
U=

V
cos α

(1.6)

Lift, drag and normal lift coefficient are be given by,

CL =

2FL
2FL
2FL
;
C
=
;
C
=
D
N
ρU 2 Dl
ρU 2 Dl
ρV 2 Dl

(1.7)

Substituting Equations 1.7 and 1.6 in Equation 1.5, we get the following expression
for CN ,
CN = −(CL + CD tan α) sec α

1.3

(1.8)

Calculation of lift coefficient: literature review
There have been numerous studies on flow around bluff bodies in the past.

Most of the previous works were done on bluff bodies with square/rectangular or
12
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circular cross-section [30–35]. There is also a fair bit of literature on bluff bodies with
trapezoid, triangular and D-shaped cross-section [33, 36, 37]. The results of most of
these studies include the variation of CN (transverse lift coefficient) with respect to α
(angle of attack) in the galloping range which is an indicator of the galloping response
of the body. The square and rectangular cross-section bodies are most famous in
galloping research because they are unstable at low angles of attack or they have low
cut-in fluid velocity. Steady flow experiments from Luo et al [33] showed that bluff
bodies with narrow cross-sectional shapes (trapezoid and triangular) are very stable
at low angles of attack or have a high cut-in fluid velocity. A narrower cross section
however, helps increase the galloping (angle of attack) range. Some of the results
from Luo et al can be seen in Figure 1.7.

(a)
(b)

Figure 1.7: (a) Dimensions of cross-sections; —, square; – · – ·, trapezium 1; – ·· – ··,
trapezium 2; – – –, triangle : (b) CN vs α. 2, square; +, trapezium 1; x, trapezium
2; 4, triangle [33].
Nakamura et al. [38] found that circular bodies gallop in the presence of a long
splitter plate (or tail fin). They found that adding a splitter plate aids galloping but if
the splitter plate is too large (d/h>5), galloping vanishes. Bearman [39] investigated
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flow in the wake of the bluff body attached with different sizes of splitter plates (fins).
But his experiments were conducted at 0◦ angle of attack and his results included
the position of the fully formed vortex for different fin sizes and not the variation of
CN with respect to α. He found that the distance of the fully formed vortex from
the model was inversely proportional to the base pressure coefficient. Similar studies
have been done by Apelt et al. [40,41] discussing vortex shedding for different lengths
of the splitter plates.

Power (mW)

15

10

5

0
3

4

5
Wind speed (m/s)

6

7

Figure 1.8: Experimental power output. Line style indicates plate length: —, no
plate; · · · , 0.4D plate; and – –, 0.8D plate. Marker shape indicates bluff profile: ,
triangle; 2, square; and ∗, trapezoid [38]
Noel and Daqaq [21] reported that adding a thin tail fin (splitter plates) to the
bluff body has an effect on the galloping performance (Figure 1.8). Their experiments
suggested that addition of a tail fin increases the steady-state amplitude and reduces
the cut-in wind speed i.e. the speed required to bring the onset of galloping. Also,
it was seen that increasing the length of the tail fin after a certain limit decreases
steady-state amplitude. This study along with the findings of Nakamura et al. [42]
and Bearman [39] indicate the existence of an optimal length of the fin to achieve
maximum galloping range and to increase the maximum magnitude of CN .
14
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As discussed above, flow around bluff bodies has been investigated in the past
primarily through wind tunnel experiments. Research in the past using numerical
analysis to investigate flow behavior around bluff bodies has been conducted at low
Reynolds number [43, 44]. It has been seen that adding a tail fin to a bluff body
can affects galloping performance (section 1.3). However, to the best of the author’s
knowledge no work has been done in the past to study bluff bodies with tail fin at
different angles of attack. As described in section 1.3 attaching a tail fin aids galloping
only until a certain length of the fin, beyond which galloping (range) reduces.

1.4

Objectives and tasks of this work
The objective of this research is to add to the existing literature of flow be-

havior around bluff bodies and verify whether attaching a tail fin affects galloping
response and study it in detail. The idea behind this is that a detailed understanding of flow behavior around bluff bodies would help in the design of a GFEH. In this
study, we perform numerical analysis at high Reynolds number to study flow behavior
around bluff bodies. The specific tasks of this research can be summarized as follows• Report CN vs α plot for bluff bodies (square and trapezoid) with tail fin attached.
• Study flow behavior around bluff bodies (square and trapezoid) in detail.
• Identify key flow characteristics that influence galloping.
• Use these flow characteristics to suggest the optimal lengths of the fin that can
be used to obtain maximum amplitude (maximum CN ) and range of galloping
(range of α).
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Chapter 2
Computational Analysis
ANSYS Fluent 16.0 was used to carry out CFD simulations to investigate
galloping phenomenon. Simulations were carried out for the bluff bodies at different
angles of attack until galloping stops (i.e. CN = 0). Lift, drag and transverse lift
forces and force coefficients were obtained at each angle of attack. The analysis setup
is explained in detail below.

2.1

Geometry
Numerical analysis was performed on bluff bodies with square and trapezoid

cross section with and without a tail fin attached. Figure 2.1 illustrates the geometry
of the bluff body along with force coefficients where, D is the characteristic width of
the bluff body, U is the incident fluid velocity and α is the angle of attack (i.e. angle
of the bluff body with respect to the fluid flow). Bluff body with square cross section
has a side length of D. Smaller of the two parallel sides of the trapezoid bluff body
is of length 0.75D. The width of tail fin attached is kept constant at 0.1D whereas
its length was varied to study flow behavior at different fin lengths. Force coefficients
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are also shown in the Figure 2.1, where CD is the drag coefficient, CL is the lift
coefficient and CN is the transverse lift coefficient. CN points in the direction normal
to the body axis, whereas CD and CL are parallel and perpendicular to the direction
of incident flow respectively.

Figure 2.1: Bluff body geometry and force coefficients
The sides of the bluff body are named as shown in Figure 2.2. These terms
are further used in the manuscript to explain effects of flow on different sides of the
body

Figure 2.2: Bluff body nomenclature
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2.2

Computational Domain and Boundary Conditions
The size of the domain has an effect on the fluid flow. For this study, we

wanted the flow around the bluff body to be influenced only by the body itself. Hence,
the bluff body was enclosed in a rectangular domain with sufficient distance in the
upstream, downstream and lateral directions, such that the results are independent
of the domain [45]. The domain size with respect to the characteristic length of the
bluff body (D) is illustrated in Figure 2.3. The density and dynamic viscosity of the
fluid is 1.225 kg/m3 and 1.7894 x 10− 5 kg/ms respectively.

Figure 2.3: Computational domain
A no slip boundary condition is applied on the surface of the bluff body and
the walls in the lateral direction. Reynolds Number (Re) of 22,000 was obtained
by setting a uniform fluid (air) velocity, U = 16m/s in the positive x-direction at
the inlet. To emulate smooth flow, the turbulence intensity is set to 0.01% and
intermittency is set to 0 at the inlet. Intermittency is used to turn on the production
term of the turbulent kinetic energy downstream of the transition point based on the
18
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relation between transition momentum-thickness and strain-rate Reynolds number.
Intermittency also accounts for the rapid onset of transition caused by separation of
the laminar boundary layer [46]
Turbulence intensity (I), also often referred to as turbulence level, is the ratio
0

of root-mean-square of the velocity fluctuations, u , to the mean velocity, uavg .
0

I=

u
uavg

(2.1)

At inlet there is negligible lateral mixing or fluctuations in the fluid, hence, the
turbulence intensity at the inlet is low (<1%). Zero pressure was applied on the
outflow boundary.

2.3

Discretization
The accuracy of any finite element problem depends on the quality of the

mesh. The mesh was generated in ANSYS 16.0 and an example of the same can be
seen in Figure 2.4. The mesh near the bluff body is refined to ensure the accuracy of
the forces calculated on its surface. The mesh refinements near the bluff body were
made based on the y + criteria. y + is the non-dimensional distance for wall bounded
flow and is given by,
y+ =

u∗ y
ν

(2.2)

where u∗ is the friction velocity at the nearest wall, y is the distance to the nearest
wall and ν is the local kinematic viscosity of the fluid. For sharp leading edges (as
is the case with the bluff body in consideration), often transition can occur due to a
small leading edge separation bubble. If the mesh is too coarse, the rapid transition
caused by the separation bubble is not captured. The sensitivity of the solution to
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wall-normal mesh resolution can increase for flows with pressure gradients and it is
recommended that y + < 1, according to [47]. For the current study, the mesh was
generated such that the average y + ∼ 0.26 around the bluff body.

Figure 2.4: Mesh illustration
Inflation method was used to generate the mesh as seen in Figure 2.4 with a
first layer thickness of 0.01mm. Growth rate of subsequent 14 layers around the first
layer was set to 1.25. The max face size of rest of the elements in the domain was
set between 1.6 − 2.7mm depending on the cell skewness quality. Skewness is a mesh
quality metric that determines how close to ideal (i.e., equilateral or equiangular) a
face or cell is. The max face size was varied as the bluff body was rotated to maintain
the skewness between 0.25 − 0.5 which reflects good cell quality [48]. These mesh
properties resulted in 100,000 – 140,000 elements. All the mesh specifications above
were carefully chosen after performing a mesh convergence study. After performing
mesh and time convergence the time-step of the simulations was set as 0.001 seconds
to capture the changes in force coefficients in detail.
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2.4

Turbulent Flow Model
Transition Shear Stress Transport (SST) model was used to carry out numeri-

cal simulations. The Transition SST model (also referred as γ − Reθ model) is based
on the coupling of the SST k − ω transport equations with two other transport equations, one for the intermittency and one for the transition onset criteria, in terms
of momentum-thickness Reynolds number [47]. An ANSYS proprietary empirical
correlation (by Langtry and Menter) was developed to cover standard bypass transition as well as flows in low free-stream turbulence environments. The four governing
equations of the transition SST model are as follows –
Turbulence kinetic energy, k:
∂k
∂[(µ + σk µt ) ∂x
]
∂ρk ρUi k
i
+
= P̃k − β ∗ ρkω +
∂t
∂xi
∂xi

(2.3)

Specific rate of dissipation, ω:
∂ω
∂[(µ + σω µt ) ∂x
]
∂ρω ∂ρUi ω
1 ∂k ∂ω
2
2
i
+
= αρS − βρω +
+ 2(1 − F1 )ρσω2
∂t
∂xi
∂xi
ω ∂xi ∂xi

(2.4)

Intermittency, γ:
∂γ
∂[(µ + σµft ) ∂x
]
∂ργ ∂ρUj γ
j
+
= Pγ − Eγ +
∂t
∂xj
∂xj

(2.5)

˜ θt :
Transition momentum-thickness Reynolds number, Re
˜

Reθt
∂[σθt (µ + σk µt ) ∂∂x
]
˜ θt ∂ρUj Re
˜ θt
∂ρRe
j
+
= Pθt +
∂t
∂xj
∂xj

(2.6)

The transport Equations 2.3 and 2.4 are from the standard SST model [49].
Transport Equations 2.5 and 2.6 are added in the transition SST model [46]. Transport equation for intermittency can be used to trigger transition locally. Transport
equation transition momentum-thickness Reynolds number is required to capture the
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non-local influence of the turbulence intensity, which changes due to the decay of
the turbulence kinetic energy in the free-stream, as well as due to changes in the
˜ θt transport equation is an
freestream velocity outside the boundary layer. This Re
essential part of the model as it ties the empirical correlation to the onset criteria
in the intermittency equation. Therefore, it allows the model to be used in general
geometries and over multiple airfoils, without additional information on the geometry.
For more information on this model one can refer to [46, 49, 50].
During the study, it was noticed that this model captures the extra point of
inflection on the rising part of the CN vsα curve and overall gave better qualitative
results when compared to k − ω and k −  models. This is because the Transition
SST model accounts for laminar to turbulent transition unlike fully turbulent models
(k −ω and k −). This is mainly the reason for choosing Transition SST model for our
application. One should resort to transition models for their numerical simulations
when dealing with smooth flow.
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Chapter 3
Flow behavior around bluff bodies
without fin
In this chapter, we investigate galloping behavior of square and trapezoid bluff
bodies without fin. Additionally, the study involves understanding of the galloping
trends by providing a detailed explanation of the flow behavior around the bluff
bodies. CN vs α plot corresponds to the galloping response of the bluff body. CN
is nothing but the coefficient of the transverse lift force which is a result of the
aerodynamic lift and drag forces on the body caused by the fluid flow and can be
given by Equation 3.1 [51].

CN = −(CL + CD tan α) sec α

(3.1)

From Figures 3.1, 3.2 and 3.3, it can be seen that the trend of the CN vs α plot
is similar to the trend of the CL vs α plot. This is because the lift term contributes
more to the transverse lift than the drag at small angles of attack (generally α < 35◦
in this study).
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Figure 3.1: CN vs α for square (orange) and trapezoid (blue) bluff bodies

Figure 3.2: CL vs α for square (orange) and trapezoid (blue) bluff bodies

Figure 3.3: CD vs α for square (orange) and trapezoid (blue) bluff bodies
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After the fluid flow reaches a steady state, the flow around the bluff body
undergoes a periodic transition between its maximum and minimum lift instances as
shown in Figures 3.4, 3.5 and 3.6. At the minimum lift instance, the streamlines below
the bluff body begins to push the streamlines above the bluff body. At the maximum
lift instance, the streamlines above the bluff body begins to push the streamlines
below the bluff body.

Figure 3.4: CN vs α for bluff bodies without fin

(b) Maximum lift instance

(a) Minimum lift instance

Figure 3.5: Velocity profile transient nature of flow around bluff bodies

Figure 3.6: Minimum (left) and maximum (right) lift force instance illustration
Before we try to explain the lift trends on each face of the bluff body, we have
to make it clear what plots to refer to for each face to make valid observations. Lets
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look at the mean, maximum and minimum CL vs α plots for trapezoid with 0.8D fin
can be seen in Figures 3.8 to 3.13. From these plots, it can be seen that the forces on
the bottom faces are dominant during maximum lift instance and forces on the top
faces are dominant during the minimum lift instance. Thus, we will use the velocity
streamline images at the minimum lift to explain the lift force trend on the top and
fin top face and velocity streamline images at the maximum lift to explain the lift
force trend on the bottom and fin bottom face.

Figure 3.7: Movement of shear layers

Movement of the shear layers with respect to the angle of attack (α) can be
seen in Figure 3.7. As it can be noticed, the shear layers below move closer to the
body as α increases. Similarly, shear layers above move away from the body as α
increases
As explained above, the flow is a combination of maximum and minimum
lift instance. If the flow reattaches on the bottom and/or fin bottom face, we must
observe it in both maximum and minimum lift instance velocity streamline plots.
This is because, after reattachment has occurred, the reattachment point remains
constant with the flow/streamlines transitioning up and down. If the reattachment
can only be seen in one maximum or minimum lift instance, it does not represent
true reattachment and is just a transient phenomenon.
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Figure 3.8: Mean lift force on different faces of trapezoid with 0.8D fin (1)

Figure 3.9: Minimum lift force on different faces of trapezoid with 0.8D fin (1)

Figure 3.10: Maximum lift force on different faces of trapezoid with 0.8D fin(1)
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Figure 3.11: Mean lift force on different faces of trapezoid with 0.8D fin (2)

Figure 3.12: Minimum Lift force on different faces of trapezoid with 0.8D fin (2)

Figure 3.13: Maximum Lift force on different faces of trapezoid with 0.8D fin (2)
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3.1

Trapezoid bluff body without fin
The variation of lift and drag forces with respect to angle of attack on different

faces of the trapezoid can be seen in Figures 3.14 and 3.15.
• As the bottom face (edge) moves towards the shear layer, circulation bubble
squeezes and splits (Figure 3.17). Similarly, when the top face moves away
from the shear layer the separated bubbles begin to unite (Figure 3.16).
• Initial increase in CN plot (large

∂CN
)
∂α

(Figure 3.1) is because, as the angle

of attack increases, the lift on the back and front faces jumps from zero to a
negative value.
• This is because front face is pushed down by the fluid and the suction on the back
face now has a downward lift component. Additionally, because of asymmetry,
suction on the bottom face is larger than that on the top face (Figure 3.15).

Figure 3.14: Mean drag force on different faces of trapezoid without fin
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Figure 3.15: Mean lift force on different faces of trapezoid without fin

• Velocity streamline plots for trapezoid profile without fin at minimum lift coefficient can be seen in Figure 3.16. These are used to explain the lift force trend
on the top face of the trapezoid (see top face trend in Figure 3.15).
• When α < 13◦ , there are two bubbles, one at top face and other at the back
face. They begin to join slowly as α increases.
• At α = 13◦ , the bubbles unite. This united bubble is now away from top and
back face and its intensity is less than two separate bubbles closer to the faces.
Hence, the intensity of upward suction decreases further rapidly on the top face
from 13◦ to 17◦ .
• Shear layer reattaches on the bottom face at αre =19◦ .
• If no reattachment were to happen the single united bubble would continue to
move away from the top and back faces reducing upward suction as angle of
attack is increased beyond αre . However, because of reattachment (formation
of bubble on the bottom face can be seen from 17◦ , αre =19◦ ) on the bottom

30

3 Flow behavior around bluff bodies without fin
face, the wrapping of the shear layer from the top face takes place much higher
preventing the united bubble to move further.
• Reattachment changes the flow dynamics and the flow now oscillates from the
reattachment point.
• Increasing α further, causes the top face to move near that bubble which leads
to increase in upward suction on the top face from 17◦ to 25◦ .
• Whereas on the bottom face the reattachment point recedes backwards as angle
of attack is increased past αre , causing an upward push by the fluid or decrease
in downward suction (see bottom face trend in Figure 3.15) from αre =19◦ .
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(a) 0◦

(b) 3◦

(c) 5◦

(d) 7◦

(e) 9◦

(f) 13◦

(g) 15◦

(h) 17◦

(i) 19◦

(j) 20◦

(k) 21◦

(l) 23◦

(m) 25◦

Figure 3.16: Trapezoid without fin - Velocity streamline plots at minimum lift coefficient
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• Velocity streamline plots for trapezoid profile without fin at maximum lift coefficient can be seen in Figure 3.17. These are used to explain the lift force trend
on the bottom face of the trapezoid (see bottom face trend in 3.15).
• At 19◦ , shear layers reattach on the bottom face both in maximum and minimum
lift instance figures. This is the true reattachment angle.
• After 19◦ , the shear layers reattaching on the bottom face begin to push the
bottom face upwards. Or it can also be said the circulation bubble starts to
shrink as the reattachment point on the bottom face starts to recede as the
angle is increased past 19◦ .
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(a) 0◦

(b) 3◦

(c) 5◦

(d) 7◦

(e) 9◦

(f) 13◦

(g) 15◦

(h) 17◦

(i) 19◦

(j) 20◦

(k) 21◦

(l) 23◦

(m) 25◦

Figure 3.17: Trapezoid without fin - Velocity streamline plots at maximum lift coefficient
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3.2

Square bluff body without fin
The variation of the lift and drag forces with respect to angle of attack on

different faces of the square can be seen in Figures 3.18 and 3.19.

Figure 3.18: Mean drag force on different faces of square without fin

Figure 3.19: Mean lift force on different faces of square without fin

• Velocity streamlines at minimum and maximum lift instance can be seen in
Figures 3.20 and 3.21 respectively.
• At 11◦ , shear layers reattach on the bottom face both in maximum and minimum
lift instance figures.
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(a) 0◦

(b) 2◦

(c) 3◦

(d) 4◦

(e) 5◦

(f) 6◦

(g) 7◦

(h) 8◦

(i) 9◦

(j) 10◦

(k) 11◦

(l) 12◦

(m) 13◦

(n) 15◦

Figure 3.20: Square without fin - Velocity streamline plots at minimum lift coefficient
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• The unification of bubbles from the top and the back face takes place after
reattachment (i.e. after 11◦ ) (Figure 3.20).
• After 11◦ , the shear layers reattaching on the bottom face begin to push the
bottom face upwards. Or it can also be said the circulation bubble starts to
shrink as the reattachment point on the bottom face starts to recede as the
angle is increased past 11◦ .
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(a) 0◦

(b) 2◦

(c) 3◦

(d) 4◦

(e) 5◦

(f) 6◦

(g) 7◦

(h) 8◦

(i) 9◦

(j) 10◦

(k) 11◦

(l) 12◦

(m) 13◦

(n) 15◦

Figure 3.21: Square without fin - Velocity streamline plots at maximum lift coefficient
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Flow behavior around bluff bodies
with fin
4.1

Trapezoid bluff body with fin
The variation of lift, drag and transverse lift coefficients with respect to angle

of attack for trapezoid body with different fin lengths can be seen in Figures 4.1, 4.2
and 4.3.
• Addition of a fin to the trapezoid varies the magnitude and trend of CN vs α
plot considerably (Figure 4.1).
• The maximum magnitude of drag force increases as the length of fin attached
to the trapezoid is increased (Figure 4.3).
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Figure 4.1: CN vs α for trapezoid bluff bodies with fin

Figure 4.2: CL vs α for trapezoid bluff bodies with fin

Figure 4.3: CD vs α for trapezoid bluff bodies with fin
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4.1.1

Trapezoid with 0.8D fin length
The variation of lift and drag forces with respect to angle of attack on different

faces of the trapezoid with 0.8D fin can be seen in Figures 4.4 and 4.5.

Figure 4.4: Mean lift force on different faces of trapezoid with 0.8D fin (1)

Figure 4.5: Mean lift force on different faces of trapezoid with 0.8D fin (2)

4.1.1.1

Top and fin top face explanation

Velocity streamline plots at minimum lift coefficient for trapezoid with 0.8D
fin can be seen below (Figure 4.6). These are used further to explain the trend of lift
force on top and fin top faces with respect to angle of attack
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(a) 0◦

(b) 3◦

(c) 5◦

(d) 7◦

(e) 9◦

(f) 11◦

(g) 12◦

(h) 13◦

(i) 15◦

(j) 17◦

(k) 18◦

(l) 19◦

(m) 20◦

(n) 21◦

(o) 23◦

Figure 4.6: Trapezoid with 0.8D fin length - Velocity streamline plots at minimum
lift coefficient
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• Until 11◦ , the shear layer on the top faces wraps over from the fin end face.
• From 12◦ , the shear layer wraps from the fin top face moving the resulting
bubble away from the fin. Hence, the upward suction decreases on top and the
fin top face at an increased rate after 11◦ .
• This bubble remains at the same place until 19◦ resulting in constant lift on the
top and the fin top face (figures 4.4 and 4.5).
• Primary reattachment (shear layer reattaching on the bottom face) occurs at
20◦ . Secondary reattachment (shear layer reattaching on the fin bottom face)
occurs at 19◦ .
• The reason CN plot has a sharp peak at 19◦ is because the primary and secondary reattachment angles are so close to each other which causes the CN
curve to drop at an increasing rate after 19◦ as the fluid is pushing the body
twice, first on the bottom face and then on the fin bottom face.
• The proximity of the bubble is nearer to fin top face after reattachment due
to change in oscillating surface as the bottom and fin bottom face can now be
neglected due to reattachment causing an increase in upward suction on the fin
top face.
• After reattachment the circulation bubble formed up-top bounces from the back
top face to create a bubble on the top face. This bubble leads to spike in upward
suction on the top face after 19◦ .
4.1.1.2

Bottom and bottom top face explanation

Velocity streamline plots at maximum lift coefficient for trapezoid with 0.8D
fin can be seen below (Figure 4.7). These are used further to explain the trend of lift
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force on bottom and fin bottom faces.
• As stated before, the shear layer wraps over from the fin end face (until 11◦ )
and then from the fin top face (at 12◦ ). This changes the dynamics of flow
oscillation which conversely affects the bottom faces as well. Meaning there is
a change in the wrapping position of the shear layer below from fin bottom face
to the fin end face from 12◦ .
• The lift on the bottom face remains same till 11◦ because the proximity of the
bubble below it is almost the same. The bubble below begins to squeeze at the
bottom and back bottom corner as the angle of attack increases from 0◦ .
• But after 11◦ , because the shear layer below now has to wrap over from the
fin end face, the bubble becomes weak and is now connected to all the 3 edges
(bottom + fin bottom + fin end) (see Figure 4.7). This weak bubble causes the
decrease in downward suction after 11◦ on the bottom and fin bottom face.
• The decrease in the downward suction is more than the decrease in the upward
suction caused by change in wrapping position of the shear layers. This results
in the drop in the CN vsα plot at 11◦ (Figure 4.1).
• This weak bubble starts to squeeze into three separate bubbles from 13◦ onwards
causing an increase in downward suction on fin bottom face and bottom face.
• The bubble below the bottom face starts to separate first because the corner
formed by bottom and back bottom face is closer to the shear layer than the
corner formed by fin bottom and fin end face. Thus, intensity of downward
suction increases on bottom face at a greater rate than the fin bottom face from
13◦ to 19◦ .
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(a) 0◦

(b) 3◦

(c) 5◦

(d) 7◦

(e) 9◦

(f) 11◦

(g) 12◦

(h) 13◦

(i) 15◦

(j) 17◦

(k) 18◦

(l) 19◦

(m) 20◦

(n) 21◦

(o) 23◦

Figure 4.7: Trapezoid with 0.8D fin length - Velocity streamline plots at maximum
lift coefficient
45

4 Flow behavior around bluff bodies with fin
• At 19◦ secondary and at 20◦ primary reattachment occurs. As a result, the
fluid is now pushing the bottom and fin bottom face up causing a decrease in
downward suction on the bottom and fin bottom face.

4.1.2

Trapezoid with 0.5D fin length
The variation of lift and drag forces with respect to angle of attack on different

faces of the trapezoid with 0.5D fin can be seen in Figures 4.8 and 4.9.

Figure 4.8: Mean lift force on different faces of trapezoid with 0.5D fin (1)

Figure 4.9: Mean lift force on different faces of trapezoid with 0.5D fin (2)
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4.1.2.1

Top and fin top face explanation

Velocity streamline plots at minimum lift coefficient for trapezoid with 0.5D
fin can be seen below (Figure 4.10). These are used further to explain the trend of
lift force on top and fin top faces with respect to angle of attack
• The CN vs α plot trend for trapezoid with 0.5D fin is similar to the trapezoid
with 0.8D except for the CN peak region and an additional influx point at α =
9◦ .
• Due to the shorter fin, the change in the wrapping position of shear layer from
fin end to fin top face occurs at a higher angle of attack (after 15◦ , Figure 4.10).
• Primary reattachment occurs at 20◦ . Secondary reattachment does not occur
before galloping stops (i.e. CN = 0) because the fin length is small. CN is
maximum at αpeak = 21◦
• The fluid from the back surface bounces creating a circulation bubble on the
fin top face for α < 10◦ . Hence, the suction increases till 9◦ leading to increase
in drag on back top face and increase in lift on fin top face.
• From 10◦ onwards this circulation bubble fades away causing a decrease in the
upward suction. This is what causes the lift/transverse lift force plots (in Figure
4.1 and 4.2) to surge upwards from 10◦ onwards.
• This also occurs in the trapezoid with 0.8D fin case at 7◦ but its effect is negligible because of a longer fin. Hence, there is no sharp surge (or extra inflexion
point) in CN vs α plot before change in shear layer wrapping position for 0.8D
fin length (see Figure 4.1).
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(a) 0◦

(b) 3◦

(c) 5◦

(d) 7◦

(e) 9◦

(f) 10◦

(g) 11◦

(h) 13◦

(i) 15◦

(j) 16◦

(k) 17◦

(l) 18◦

(m) 19◦

(n) 20◦

(o) 21◦

(p) 23◦

(q) 25◦

(r) 27◦

Figure 4.10: Trapezoid with 0.5D fin length - Velocity streamline plots at minimum
lift coefficient
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4.1.2.2

Bottom and bottom top face explanation

Velocity streamline plots at maximum lift coefficient for trapezoid with 0.5D
fin can be seen below (Figure 4.11). These are used further to explain the trend of
lift force on bottom and fin bottom faces.
• The inclusion of the fin end face into the bubble formed by the shear layer below
the body can be seen from 16◦ onwards. This reduces downward suction on the
fin bottom and the bottom face.
• After change in shear layer wrapping position (16◦ ), the weak bubble formed
below start to separate and hence their intensity increases
• The circulation bubble below the bottom face separates first as the bottom edge
is closest to the shear layer. Thus, there is an increase in suction on the bottom
face (higher rate) and fin bottom face from 16◦ to 19◦
• At 20◦ reattachment occurs on the bottom face thus reducing downward suction
on the face as the fluid is pushing the body upwards.
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(a) 0◦

(b) 3◦

(c) 5◦

(d) 7◦

(e) 9◦

(f) 10◦

(g) 11◦

(h) 13◦

(i) 15◦

(j) 16◦

(k) 17◦

(l) 18◦

(m) 19◦

(n) 20◦

(o) 21◦

(p) 23◦

(q) 25◦

(r) 27◦

Figure 4.11: Trapezoid with 0.5D fin length - Velocity streamline plots at minimum
lift coefficient
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4.2

Square bluff body with fin
The variation of lift, drag and transverse lift coefficients with respect to angle

of attack for trapezoid body with different fin lengths can be seen in Figures 4.12,
4.13 and 4.14.
• Addition of a fin to the square varies the magnitude and trend of CN vs α plot
considerably (Figure 4.12).
• The maximum magnitude of drag force increases as the length of fin attached
to the square is increased (Figure 4.14).
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Figure 4.12: CN vs α for square bluff bodies with fin

Figure 4.13: CL vs α for square bluff bodies with fin

Figure 4.14: CD vs α for square bluff bodies with fin
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4.2.1

Square with 1D fin length
The variation of lift and drag forces with respect to angle of attack on different

faces of the square with 1D fin can be seen in Figures 4.15 and 4.16.

Figure 4.15: Mean lift force on different faces of square with 1D fin (1)

Figure 4.16: Mean lift force on different faces of square with 1D fin (2)

4.2.1.1

Top and fin top face explanation

Velocity streamline plots at minimum lift coefficient for square with 1D fin can
be seen below (Figure 4.17). These are used further to explain the trend of lift force
on top and fin top faces with respect to angle of attack
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(a) 0◦

(b) 3◦

(c) 5◦

(d) 7◦

(e) 9◦

(f) 11◦

(g) 13◦

(h) 15◦

(i) 17◦

(j) 19◦

(k) 21◦

(l) 23◦

(m) 25◦

Figure 4.17: Square with 1D fin length - Velocity streamline plots at minimum lift
coefficient
54

4 Flow behavior around bluff bodies with fin
• The wrapping position of the shear layer above the top face changes from fin
end to fin top face at 7◦ . This causes a reduction in upward suction on top and
fin top face.
• The bubble formed above the top faces moves away as the α increases until 9◦
and then remains somewhat at the same place till 19◦ . Hence, the suction on
top and fin top face reduces till 9◦ and then does not vary much till 19◦ .
• Primary reattachment takes place at αp = 15◦ (Figure 4.18). The bottom face is
pushed upwards due to this reattachment causing decrease in downward suction
from αp = 15◦ onwards (see Figure 4.15).
• At 21◦ , secondary reattachment on the fin occurs (Figure 4.18). After secondary
reattachment the fluid pushes the fin bottom face upwards causing decrease in
downward suction from αs = 21◦ onwards (see Figure 4.16).
• The bubble is now right above the fin top face causing an increase in upward
suction on the fin top face (see Figure 4.17 from 21◦ onwards).
• The shear layer forming this bubble bounces off the back top face and creates a
circulation bubble on the top face. Thus, increasing upward suction on the top
face after αs = 21◦ .
4.2.1.2

Bottom and fin bottom face explanation

Velocity streamline plots at minimum lift coefficient for square with 1D fin can
be seen below (Figure 4.18). These are used further to explain the trend of lift force
on top and fin top faces with respect to angle of attack
• The shear layer wrapping position changes from fin top to fin end face below
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(a) 0◦

(b) 3◦

(c) 5◦

(d) 7◦

(e) 9◦

(f) 11◦

(g) 13◦

(h) 15◦

(i) 17◦

(j) 19◦

(k) 21◦

(l) 23◦

(m) 25◦

Figure 4.18: Square with 1D fin length - Velocity streamline plots at maximum lift
coefficient
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the body at 7◦ (Figure 4.18). This causes a reduction in downward suction as
there are three bubbles weakly attached to each other from 7◦ to 9◦ .
• After 9◦ , the bubble on the bottom face is separated leading to an increase in
downward suction till 15◦ for the bottom face (because of primary reattachment)
and till 21◦ for the fin bottom face (because of secondary reattachment).
• As the bottom face is closer to the shear layer faster than the fin bottom face,
the weakly attached bubbles separates first below the bottom face and then
below the fin bottom face. Hence, the increase in downward suction occurs at a
higher rate on the bottom face (Figure 4.15) than on the fin bottom face (Figure
4.16).
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4.2.2

Square with 0.8D fin length
The variation of lift and drag forces with respect to angle of attack on different

faces of the square with 0.8D fin can be seen in Figures 4.19 and 4.20.

Figure 4.19: Mean lift force on different faces of square with 0.8D fin (1)

Figure 4.20: Mean lift force on different faces of square with 0.8D fin (2)

4.2.2.1

Top and fin top face explanation

Velocity streamline plots at minimum lift coefficient for square with 0.8D fin
can be seen below (Figure 4.21). These are used further to explain the trend of lift
force on top and fin top faces with respect to angle of attack
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(a) 0◦

(b) 3◦

(c) 7◦

(d) 11◦

(e) 13◦

(f) 15◦

(g) 17◦

(h) 19◦

(i) 23◦

(j) 25◦

(k) 27◦

(l) 30◦

Figure 4.21: Square with 0.8D fin length - Velocity streamline plots at minimum lift
coefficient
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• Change in wrapping position of shear layers occurs at 11◦ (Figure 4.21).
• Primary reattachment occurs at 15◦ and secondary reattachment at 25◦ (see
Figure 4.21 for streamline images, Figure 4.19 for decrease in downward suction
on bottom face and Figure 4.20 for decrease in downward suction on fin bottom
face).

4.2.2.2

Bottom and fin bottom face explanation

Velocity streamline plots at maximum lift coefficient for square with 0.8D fin
can be seen below (Figure 4.22). These are used further to explain the trend of lift
force on top and fin top faces with respect to angle of attack
• Drop in downward suction after change in shear layer wrapping position (α
= 11◦ ) on bottom and fin bottom face. This drop is less intense than the
trapezoidal bluff body with fin.
• This is because, the bottom face of the trapezoid is tapered and moves away
from the shear layer, resulting in formation of a very weak bubble after change
in wrapping position as compared to square with fin. Therefore, the drop in
downward suction after change in wrapping position is not significant enough
in square.
• Hence, overall the drop in downward suction on bottom faces is almost equal
to the drop in the upward suction on the top faces. Hence, cumulatively there
is no drop in the CN vs α curve for square bluff body with fin (Figure 4.12) like
the trapezoid with fin (Figure 4.1).
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(a) 0◦

(b) 3◦

(c) 7◦

(d) 11◦

(e) 13◦

(f) 15◦

(g) 17◦

(h) 19◦

(i) 23◦

(j) 25◦

(k) 27◦

(l) 30◦

Figure 4.22: Square with 0.8D fin length - Velocity streamline plots at maximum lift
coefficient
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In summary, addition of a tail fin to a bluff body affects the flow behavior and
lift performance in the following ways:
• Addition of a tail fin to a bluff body contributes to the asymmetry of the body
which enhances galloping behavior.
• Attaching a tail fin to a bluff body results in two reattachments i.e. primary
reattachment (on the body) and secondary reattachment (on the fin).
• The peak of the CN vs α plot lies somewhere between the primary and secondary
reattachment angles for bluff bodies with a fin. Whereas, for bluff bodies without fin, primary reattachment indicates the peak of the CN vs α plot.
• Circulation bubbles are trapped between the fin and the body which affects the
lift generated on the body. Hence, the magnitude of CN is significantly greater
for bluff bodies with fin.
• The change in the wrapping position of the shear layers is seen only in bluff
bodies with a fin.

62

Chapter 5
Optimal fin length for enhancing
lift performance
When a tail fin is added to the bluff body, there is a possibility of more than
one reattachment i.e. primary reattachment (on main body) and secondary reattachment (on attached fin). Addition of a fin increases the after body and contributes
to asymmetry when the body is rotated (angle of attack is changed), resulting in
increased transverse lift. In this study, the fin width was kept constant (0.1D) and its
length was varied (with 0.1D increments) to see its effect on the galloping response
(CN vs α plot). The angle of attack at which secondary reattachment occurs (αs )
depends on the length of the fin (Figure 5.1). If the fin is too small, there would not
be any secondary reattachment before αcritical (angle of attack beyond which the bluff
body will not gallop CN ≤ 0). Similarly, larger the fin length, lower the αs . On the
other hand, primary reattachment angle (αp ) remains somewhat same irrespective of
the length of the fin.
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Figure 5.1: Primary and Secondary Reattachment

Figure 5.2: CN vs α for square bluff body with different fin lengths

Figure 5.3: CN vs α for trapezoid bluff body with different fin lengths
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The change in length of the fin attached to the bluff body influences secondary
reattachment angle (αs ) as follows:
Fin Length: (Small) ———————————————– (Large)
Variation of αs : (No αs ) — (αs > αp ) — (αs = αp ) — (αs < αp )

5.1

Secondary reattachment does not occur (No
αs)
If the fin length is very small, secondary reattachment does not occur until

αcritical (Figure 5.4). The peak region of the CN curve is rounded (spread out) just
like the CN curve for bluff body without fin (Figures 5.2 and 5.3). This is because the
fin length is too small to have any major influence on the CN vs α plot. Secondary
reattachment does not occur for square with 0.5D and 0.6D fin length (Figures 5.2)
and trapezoid with 0.5D fin length.

Figure 5.4: No secondary reattachment for square with 0.5D fin (at 19◦ )
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5.2

Primary reattachment occurs before secondary
reattachment (αs > αp)
As the fin length is increased further, secondary reattachment does occur (Fig-

ure 5.5). When this happens, the αpeak lies between αp and αs . The fin length at
which, αs occurs for the first time, is the fin length with the maximum range (maximum αcritical ) of galloping. The secondary reattachment occurs at αs which is very
close to αcritical for this case and hence, the αpeak is maximum and so is the αcritical .
Also for this case, the CN curve has a very gradual rise and drop in the αpeak region
because of the largest difference between αp and αs .
Further increase in fin length, decreases αs , thus, reducing the difference between αp and αs . The CN curve narrows around the peak as the reducing difference
between αp and αs consolidates the αpeak . In this (αs > αp ) range, the CN peak rises
and αpeak and αcritical reduces as the length of the fin is increased up until αp = αs .
Square with 0.7D, 0.8D, 0.9D and 1D fin lengths (Figure 5.2) lie in this category on
the other hand for trapezoid, fin length of 0.6D (Figure 5.3) lies in this category.

(a) 15◦ - Primary reattachment

(b) 21◦ - Secondary reattachment

Figure 5.5: Primary reattachment occurs before secondary reattachment for square
with 1D fin
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5.3

Primary and secondary reattachment occur at
the same time (αs = αp)
At a particular fin length, both primary and secondary reattachment occur at

the same angle of attack. The shear layer reattaches on the bluff body and then fall
onto (reattach) the fin at the same angle of attack. This results in a very sharp peak
in the CN curve as αp = αs = αpeak . The CN value at this αpeak is the maximum
possible CN than can be achieved by adding a fin of any length. For trapezoid with
0.8D fin length, αp = 20◦ and αs = 19◦ . Trapezoid with a fin of length between
0.6D-0.7D will probably be the one with αp = αs = αpeak which would give maximum
amplitude of CN curve.

5.4

Secondary reattachment occurs before primary
reattachment (αs < αp)
As the fin length is increased further, the shear layers reattach on the fin before

the bluff body itself (Figure 5.6). In this (αs < αp ) range, the CN peak decreases
and αpeak reduces as the length of the fin is increased. If the fin length is increased
even further, there would be a point where the body would not gallop at all because
of excessive drag force caused by the long fin. αs < αp for trapezoid with 0.8D and
0.9D fin length.
When the angle of attack is increased past the primary reattachment angle,
the trapped circulation bubbles continue to add to the downward suction, increasing
CN until secondary reattachment is reached. If secondary reattachment occurs before
primary reattachment, the CN does not get to culminate to its full extent. This is
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(a) 19◦ - Secondary reattachment

(b) 20◦ - Primary reattachment

Figure 5.6: Secondary reattachment occurs before primary reattachment for trapezoid
with 0.8D fin
the reason why the CN peak decreases if the fin length is increased after the length
at which both reattachments occur at the same angle.
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Chapter 6
Conclusion and Future Work
The flow behavior around bluff bodies (trapezoid and square) with and without
tail fin were studied in detail. Key flow characteristics like primary reattachment, secondary reattachment and wrapping were identified that affect the galloping response
(CN vs α plots). For the first time, CN vs α plots were reported for bluff bodies with
tail fin attached. Flow behavior was observed with different lengths of tail fin keeping the width constant. Optimal fin length that would yield the maximum galloping
range and maximum CN amplitude was suggested for bluff bodies with square and
trapezoid cross section.
In future work, bluff bodies with other cross-sections (like triangular, circular,
D-shaped etc.) with a fin attached should be investigated. Actual optimized fin
length can be found by setting up an optimizer and resolving/refining the fin length
much more precisely. The thickness of the fin was kept constant in the present study
and its length was varied. The effects of changing the thickness of the fin should be
explored moving forward. Shape optimization can be carried out to obtain the best
bluff body for energy harvesting which might not necessarily be a traditional shape
like square, triangle etc.
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Appendix A

Drag Force on different faces of the
bluff body

Figure A.1: Mean drag force on different faces of trapezoid with 0.8D fin (1)

Figure A.2: Mean drag force on different faces of trapezoid with 0.8D fin (2)
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Figure A.3: Mean drag force on different faces of trapezoid with 0.5D fin (1)

Figure A.4: Mean drag force on different faces of trapezoid with 0.5D fin (2)

Figure A.5: Mean drag force on different faces of square with 1D fin (1)
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Figure A.6: Mean drag force on different faces of square with 1D fin (2)

Figure A.7: Mean drag force on different faces of square with 0.8D fin (1)

Figure A.8: Mean drag force on different faces of square with 0.8D fin (2)
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Appendix B

Lift and Drag coefficient plots for different fin sizes

Figure B.1: CL vs α for trapezoid bluff body with different fin lengths

Figure B.2: CD vs α for trapezoid bluff body with different fin lengths
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Figure B.3: CL vs α for square bluff body with different fin lengths

Figure B.4: CD vs α for square bluff body with different fin lengths
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